Abstract: A comparative analysis between two different heuristic suspension control strategies is presented, the approaches have been designed to control the vertical dynamics of a full size pick-up truck model equipped with Magneto-Rheological (MR) dampers. The control schemes to compare are: (1) a global suspension controller and, (2) four independent controllers, one for each Quarter of Vehicle (QoV ) model; both control schemes depend only on measurements. The main idea is to compare the control performances and the implications that these heuristic controllers have. Experimental data are used to model an MR damper in each corner. Two tests have been used to compare the control performances when the vehicle is driven in straight trajectories: (1) a running test on a road based on the standard ISO 8606 and, (2) a road that excites the vertical dynamics at different frequencies (Bounce Sine Sweep test). Results obtained using CarSim TM show that the comfort performance is better when the controller is well coordinated among the wheel-stations (global suspension controller); the improvement is 33% in the heave motion and 35% in the pitch angle. The QoV -based controller presents uncoordination that complicates the attenuation of the vehicle body movement; however, the road holding is improved.
INTRODUCTION
During last years, intelligent suspension systems have been developed to increase comfort and safety in vehicles. According to ISO 2631, people could suffer several health damages due to a constant exposure to vibrations. Thus, semi-active or active shock absorbers are a good solution to control the chassis motion and, moreover, to maintain the road holding.
When the suspension design (chassis, stabilizer bars, dampers, springs, etc.) is limited by space, the inclusion of active dampers is more complicated because its external power supply could demand considerable space. Additionally, semi-active dampers like the Magneto-Rheological (MR) ones offer fast time response and wide control bandwidth with a low power requirement.
Different methodologies have been used to design intelligent suspension control systems, e.g. the model-based control techniques by using nonlinear [Yoon et al., 2010 , Poussot-Vassal et al., 2012 , robust [Choi et al., 2002 , Wang et al., 2005 , Chadli et al., 2010 or optimal control theory, [Crivellaro, 2009] . When an accurate vehicle model or an observer/estimator are not available, heuristic control techniques could offer good results with high feasibility to be implemented [Ikenaga et al., 2010 , Swevers et al., 2007 , Dong et al., 2009 ; however, two synchronized levels of control must be designed to improve comfort. In [Tudón- This extended version of [Tudón-Martínez et al., 2012] compares the performance of the COD controller, which includes the coupling joints among the four corners of the vehicle into the controller design (i.e. one level of control), versus an heuristic control strategy based on independent wheel-stations, named Independent Heuristic Control (IHC ) where each corner has a local controller. The main idea of this research is to highlight the advantages and implications of a coordinated global suspension control system in contrast to the classical QoV -based control system. Two scenarios have been used to compare the control performances: (1) a road profile based on the standard ISO 8606 and, (2) 
GLOBAL SUSPENSION CONTROL SYSTEM
This kind of control is based on a full suspension system that involves the kinematics and compliance of the vehicle chassis, by integrating all related elements (springs, tires, stabilizer bars, dampers, etc.). The coupling nonlinear effects are included into the translational and rotational motions of the center of gravity. In an heuristic suspension controller, these nonlinearities are considered into the control law as measurements/estimations, such as: vertical chassis acceleration, heave displacement, pitch angle and roll angle.
The COD control strategy design is divided in two sections: (1) an off-line analysis in the frequency domain of the suspension system and (2) an on-line algorithm that computes the best damping combination (among the four MR dampers) according to the current driving conditions. Figure 1 shows the interaction between the off and on-line task [Tudón-Martínez et al., 2012] .
The off-line analysis considers the suspension monitoring system, which analyzes the behavior of the vehicle chassis and wheels in the frequency domain when this is driven over a straight road profile whose roughness has enough frequency contents. The main idea is to analyze the vertical dynamics of the vehicle (acceleration, heave, roll and pitch for comfort and suspension deflection and tire deflection for road holding) in all damping combinations, in order to detect the best damping solution at each frequency of vibration.
By considering the most important states of a semiactive damper (low and high damping) [Nell and Steyn, 1998 ], there exist 16 combinations of actuation for the four MR dampers in the global suspension system. For instance, the configuration (0, 0, 0, 0) means that the four MR dampers have an electric current value of 0 A (low damping), (1, 1, 1, 1) means that all dampers have 2.5 A (high damping), (1, 1, 0, 0) means the front dampers are on (2.5 A) and the rear dampers are off (0 A), and so on.
The analysis of the vertical dynamics with the 16 combinations of damping in the frequency domain allows the determination of the best damping combination for specific frequency bands. A BSS test at constant vehicle velocity is a good option to monitor the semi-active suspension system in the whole range of frequencies of interest in an automotive application.
Based on the hybrid control strategy of [Ahmadian, 1997] , the COD controller selects the best damping solution according to the suspension monitoring system, by weighting the comfort and road holding control goals as:
where, X | FMR i is a weighting index between the comfort and road holding in the i th damping combination. λ(f zr ) is the weighting parameter that depends on the excitation frequency; at low frequencies is desirable to have good comfort (i.e. for f zr ≤ 4 Hz, λ ≥ 0.5) and at high frequencies it is mandatory to ensure the road holding (i.e. for f zr > 4 Hz, λ < 0.5).
The comfort (x | comf ) or road holding index (x | rh ) monitors the semi-active suspension performance in bandwidths by using the passive suspension system as reference:
where, a = {comf, rh} and V ar j is the frequency response magnitude/amplitude of the variable of interest during the test; that is, x | comf is the average index among the following j variables: roll, pitch, heave and vertical acceleration (N =4) by including the vertical force coupling among the four-wheel independent stations; whereas x | rh is the average among the suspension deflection and tire compression of the four corners (N =8). M R i refers to the i th damping combination under analysis and passive refers to the original suspension system by using a set of passive dampers. Thus, the quasi-optimum damping combination will be the configuration that minimizes the eqn.
(1). This minimum index represents the best possible solution that improves comfort and ensure the wheel-road contact at each frequency of excitation when the pick-up truck is driven in a straight way.
Once the suspension monitoring system defines off-line the best damping solution for different frequencies band by using a look-up table, the COD controller dynamically determines on-line the configuration of the electric current for each MR damper (I i ) that is associated with the best damping solution according to the current vertical dynamics (i.e. frequency of motion), where i ={front-left, front-right, rear-left, rear-right}.
The on-line algorithm is as follows:
(1) Estimation of the frequency of motion by using the dynamics of a QoV model, by assuming that the road irregularities are uniform in all wheels. (2) Selection of low (0 A) or high (2.5 A) damping at each wheel-station according to the pre-defined lookup table by the suspension monitoring system. 
QOV -BASED SUSPENSION CONTROL SYSTEM
This approach is similar to the global suspension control system; however, each wheel-station has an independent suspension monitoring system, frequency estimator and controller (IHC ). Figure 3 shows a conceptual diagram of the suspension control system by considering independent wheel-stations.
In this case the suspension monitoring system analyzes the frequency response of the sprung mass acceleration (comfort) and the tire deflection (road holding), i.e. in the indexes x | comf and x | rh , eqn. 
where v models the noise in the accelerometers of the sprung (z s ) and unsprung masses (z us ).
An H ∞ robust observer is designed to be unsensitive to measurements noise and robust to unknown road profiles. The weighting functions W ei are used to minimize the estimation error of the state variables and W zr shapes the road irregularities in the frequency range of interest for the suspension motion:
By considering the filtering specifications, the generalized system P used for the synthesis of the H ∞ observer is given by eqn. (5). Figure 4 shows the structure of its design. 
where F M R is measured or modeled.
According to the ISO 8608, a road profile satisfies a sinusoidal wave whose frequency depends on the vehicle velocity and road quality. Thus, by assuming an harmonic motion in z r , this unknown input could be given in a time instant by:
where there is no feasible prior information of ω, which depends on: the road surface, tire dynamics and vehicle velocity. By using the effective Root Mean Square (RMS ) value to sum two or more sinusoidal waveforms, the road profile frequencyf zr can be estimated by the RMS values of the position and velocity of the road as:
(9) or in discrete RMS values ofż rRMS and z rRMS :
where, n is the number of samples of a time window that guarantees at least 2 cycles of the estimated frequency.
By defining a look-up table in each QoV station, each IHC determines on-line the configuration of electric current in the MR damper that is associated to the best damping solution for the corresponding corner. The on-line algorithm to define the electric current in each corner is:
(1) Estimation of the state variables of the QoV model by using an H ∞ observer. (2) Estimation of the road profile by using eqn. (7). [Lozoya-Santos et al., 2012] by using the parametric model proposed in [Guo et al., 2006] : 
SIMULATION RESULTS
A BSS test at 30 Km/h has been used to analyze the vertical dynamics between 0-15 Hz, the road elevation is decreased from 0.1 to 0.01 m. By using the suspension monitoring system, the look-up Table 2 shows the best damping solution in five frequency bands and highlights the variables with the best improvement when the COD controller is implemented.
For the IHC, the same BSS test is used to analyze the frequency response of each QoV model. After a frequency analysis of the variables of interest when I = 0 and 2.5 A, the look-up Table 3 summarizes the best electric current profile for comfort and road holding, by using 4 frequency bands. Simulation results (Test 1 and 2) in the time domain are presented to compare the control performances of both approaches.
Test 1: Standard road ISO 8606 type F at 100 Km/h
Plots in Fig. 5 show the transient response of both suspension control systems respect to the baseline suspension system; the benefits of a semi-active suspension in the vertical dynamics are clear. The road elevation that represents a standard road profile type F according to the ISO 8606 (poor quality) is shown in Fig. 5A . For comfort, the two control systems reduce the pitch angle up to 3 degrees, Fig. 5B ; the vertical acceleration up to 5 g's, Fig.  5C ; the vertical displacement up to 0.3 m , Fig. 5D ; and the roll angle up to 1.5 degrees, Fig. 5E . For road holding, the jounce motion of the rear solid axle is reduced up to 100 mm with the suspension controllers, Fig. 5F ; the tire compression (front-left) up to 200 mm of displacement, Fig. 5G ; and the damper compression (front-left) up to 100 mm at different time instants (similar results are obtained in a rear damper). Both controllers can manage the tradeoff between comfort and road holding. 
Test 2: BSS test (amplitude: 0.1 to 0.01 m) at 30 Km/h
This road test allows the analysis of the vertical dynamics at different excitation frequencies, Fig. 6A . The comparison of the control performances between the suspension control systems shows that, the motion of the vehicle body ( Fig. 6B-D) is lower with the global suspension controller, specially between 7 and 17 s when the frequency of motion is between 2 and 3 Hz. It is important to note that the absence of coordination between the independent controllers causes an insufficient comfort performance; e.g. the roll angle is significantly increased due to this absence of coordination. Figure 6E shows that the road holding is higher when the suspension controller is QoV -based, e.g. the jounce motion of the rear solid axle, which is directly related to the vertical motion of the rear wheels, it is significantly reduced with the IHC approach. Therefore, the QoVbased control system is more sensitive to vibrations of the unsprung mass. and QoV -based control: IHC (blue dashed line). The RMS value of the variables of interest is used as performance index to quantify the control performances of both suspension control systems with respect to the passive system, according to:
where, p monitors the improvement degree of the suspension control system during the test, it is desirable for p to tend to 0. Table 4 shows that the global suspension control system has better comfort performance for both simulation tests, i.e. the semi-active suspension control is well coordinated by including all mechanical joints between the wheelstations. For instance, the roll angle is improved up to 70% with respect to the passive suspension system, the pitch angle 35% and the vertical displacement 33%.
For road holding, the QoV -based controller shows better performance. The major improvement is observed in the suspension deflection, i.e. lower compression in the dampers (reduction up to 44%) and smaller jounce in the rear solid axle (reduction around 43%).
From the practical point of view, the QoV -based control system needs at least eight acceleration sensors and four microcontrollers to be implemented; while, the global suspension control system needs 4 sensors (3 accelerometers and 1 gyroscope multi-axle) and one microcontroller, i.e. less instrumentation. The main limitation of both controllers is the sampling frequency, the sampling time must ensure the collection of the necessary data to reconstruct 2 periods of signals of interest in order to estimate the frequency of motion. The synchronization of the control laws for the different goals and optimization of the frequency estimator algorithm are part of the future work.
CONCLUSIONS
A comparison between two heuristic control schemes for a semi-active suspension system has been presented: (1) a global suspension control system that includes the coupling among the four vertical forces and (2) a suspension system composed by 4 independent controllers, one for each Quarter of Vehicle (QoV ) model. Both controllers use a monitoring system of the vertical dynamics to establish a static control law for comfort and road holding. The comparison was carried on a pick-up truck model in CarSim TM , equipped with magneto-rheological dampers modeled from experimental data.
The objective is to highlight the advantages and implications of a global suspension controller that coordinates the four vertical forces in contrast to the classical QoV -based controller.
Two different running tests on the road have been used to compare the control performances when the vehicle is driven in straight trajectories.
Simulation results show that both control strategies manage the trade-off between comfort and road holding in comparison to a passive suspension system. In general, when the suspension control system includes the load transfer coordination between the corners, the comfort performance is greater, e.g. the vertical chassis displacement is reduced 33% and the pitch motion 35%. However, the QoV -based controller is more sensitive to the unsprung mass motions, and thus it shows a major reduction on road holding, e.g. the jounce in the rear solid axle is improved up to 43%. In this case, both control designs have similar complexity because both depend on measurements; but, more instruments are needed when 4 independent controllers are used.
